Background {#Sec1}
==========

During the past several decades, scientists have focused on the role of silicon (Si) in various crops, such as barley \[[@CR1], [@CR2]\], cucumber \[[@CR3]\], maize \[[@CR1]\], rice \[[@CR4]--[@CR7]\], soybean \[[@CR8]\], and tomato \[[@CR9]\]. Si is the second most abundant element in soil, following oxygen \[[@CR10]\], and is found as silica (SiO~2~), silicic acid (H~4~SiO~4~), and silicate (xM^1^~2~OySiO~2~) because of its strong affinity for other ions \[[@CR11]\]. Higher plants usually take up aqueous silicic acid from the rhizosphere through their roots \[[@CR12]\]. In rice plants, Ma et al. \[[@CR7]\] reported that two specific genes (*OsLsi1* and *OsLsi2*) were involved in Si transfer between the rhizosphere and xylem. Si enters the shoot part with the help of *OsLsi6*, transporting Si into the xylem parenchyma region and then into the silicified cells of leaf blades \[[@CR13]\]. During transport of Si, transport-related genes are activated and calcium (in Ca^2+^ form) is actively taken up through the solute gradient in either an apoplastic or a symplastic manner \[[@CR14], [@CR15]\]. In most cases, both Si and Ca are transported via the Casparian strip \[[@CR15]\]. Cytosolic Ca^2+^ contributes to various physiological responses, such as opening stomatal guard cells, phototropism, and responses to gravity \[[@CR16]\]. In addition, nitrogen (N) uptake, transportation, and distribution influence plant cell physiology and growth \[[@CR17], [@CR18]\]. Some recent studies have demonstrated ameliorative actions of N and Si \[[@CR19]--[@CR21]\]. The endogenous and exogenous Si and Ca^2+^ oscillation perturbs plant growth dynamics and responses to stress conditions \[[@CR22]\].

In plants, Si absorbed from the soil creates silica cells or silica bodies and has been shown to confer tolerance to various biotic and abiotic stresses \[[@CR13]\]. In addition to the role of Si in enhancing resistance to environmental stress, it can induce various physiological responses, such as regulation of antioxidant activity, modulation of endogenous hormones, alteration of mineral uptake, and promotion of adventitious shoot regeneration \[[@CR11], [@CR23]--[@CR25]\]. Particularly under field conditions, Si application to rice not only induces an increase in plant height and culm length by upregulation of bioactive gibberellin (GA), but also reinforces cell walls. Subsequently, rice plants have greater photosynthetic efficiency and these physiological responses directly affect yield components \[[@CR10], [@CR23], [@CR26]--[@CR28]\].

The role of Si in higher plants has been well-described in various studies \[[@CR4]--[@CR7], [@CR10], [@CR29]\]. In particular, research related to Si-mediated abiotic and biotic stress amelioration is substantial \[[@CR10]\]. For example, cadmium uptake was significantly reduced in Si-treated rice plants because of the regulation of P1-type ATPase \[[@CR4]\]. Si application to wheat seedlings also resulted in UV stress mitigation through regulation of antioxidant activities such as ascorbate peroxidase (APX), catalase (CAT), and superoxide dismutase (SOD) \[[@CR30]\]. In addition to its effects related to abiotic stress, Si can induce resistance against powdery mildew diseases in cucumber, barley, and strawberries, as well as suppress the spread of rice blast disease \[[@CR31]\]. Previous studies have shown that Si can mitigate diverse abiotic and biotic stress; however, the underlying influences and changes in mineral uptake, especially Ca and N localization and uptake, have been little understood. Additionally, the effects of short-term application of different Si concentrations on the expression of specific proteins and genes are poorly described. The aim of this study was to elucidate the effects of short-term exogenous Si application on the uptake of Ca and N as well as on the regulation of endogenous phytohormones (gibberellins \[GA\], jasmonic acid \[JA\], and salicylic acid \[SA\]) and related protein expression in rice plants.

Methods {#Sec2}
=======

Plant materials and growth conditions {#Sec3}
-------------------------------------

*Oryza sativa* L. 'Dongjin' seeds were procured from the National Institute of Crop Science, Rural Development Administration, The Republic of Korea, to perform Si-related experiments. The seeds were sterilized with 5% sodium hypochlorite for 10 min and thoroughly washed with autoclaved double-distilled water (DDW). After 3 days of soaking in DDW, germinated rice seedlings were transplanted into thoroughly autoclaved sand medium and placed into a growth chamber (KGC-175 VH, Koencon, South Korea) for 2 weeks to obtain uniform seedling growth. During the experiment, growth chamber conditions were adjusted to 12-h light (08:00--20:00 h, 30 °C, relative humidity 70%) and 12-h dark (20:00--08:00 h, 25 °C, relative humidity 70%). Yoshida solution was used as the nutrient source \[[@CR32]\]. The solution pH was maintained daily at 5.0--5.3 by adding HCl to the medium to reduce the polymerization of silicates \[[@CR5]\]. After 2 weeks, fully grown rice plants were transplanted to pots (25 cm × 20 cm × 20 cm) and supplied with DDW for 3 days to remove nutrients and sand medium. The rice plants were then used as experimental material.

Silicon application to rice plants {#Sec4}
----------------------------------

The rice plants were treated with four different concentration of Si (Na~2~SiO~3~.9H~2~O; 0.5 mM, 1.0 mM, 2.0 mM, and 4.0 mM) in 4 L DDW for 24 h in the growth chamber as described earlier. The rice plant samples were harvested at three time periods: 6 h, 12 h, and 24 h following Si application. Each treatment had three replications and each replicate comprised 24 plants. All the samples were harvested in liquid nitrogen to perform phytohormonal, proteomics, and biochemical analysis. Each analysis was replicated three times.

Determination of mineral content after Si application {#Sec5}
-----------------------------------------------------

The rice plants (1.0 g) were soaked in 0.5 M HCl for 20 s, rinsed with DDW, and dried for 72 h in an oven at 70 °C. Samples were weighed, ground to fine powder, and digested in 5 mL of a tertiary mixture of HNO~3~:H~2~SO~4~:HClO~4~ (10:1:4, *v*/v). The Si content was determined by inductively coupled plasma mass spectrometry (Optima 7900DV, Perkin-Elmer, Waltham, MA, USA) as shown by \[[@CR5]\]. The experiment was repeated three times.

Determination of endogenous phytohormones {#Sec6}
-----------------------------------------

The levels of GA and JA from whole shoot samples were determined. For GA analysis, we used 0.5 g freeze-dried plant samples. The extraction and quantification of GA~20~ and GA~1~ were conducted using an established protocol \[[@CR33]\]. Deuterated GA~20~ (^2^H~2~ GA~20~) and GA~1~ (^2^H~2~ GA~1~) were used as internal standards, and as such, 20 ng of each standard was added during the extraction process. A 0.5 g of plant sample was extracted with 80% and 100% methanol (MeOH). This solution was refrigerated for 1 h at −70 °C and then filtered by a GF/A filter to remove chlorophyll. The extracted sample was passed through a 5 g C18 column (90--130 μm; Alltech, Deerfield, IL, USA) and dried on 1 g Celite. The dried Celite was loaded into 5 g of silicon dioxide (SiO~2~). Additionally, the extracted sample was mixed with polyvinylpolypyrrolidone (PVPP, Sigma Aldrich, USA) for 1 h and then the mixture was filtered. The extracted sample was partitioned three times with equal volumes of EtOAc. The EtOAc fraction was dried in a vacuum, and the residue was dissolved in 4 mL of 100% MeOH. This solution was dried using nitrogen gas \[[@CR34]\]. The extracted residue was quantified by a GC-MS-SIM (Hewlett-Packard 6890, 5973 N mass selective detector, Agilent, USA) equipped with a HA-1 capillary column (30 m × 0.25 mm i.d. 0.25 μm film thickness). Details of the GC-MS-SIM operation protocol are given in Additional file [1](#MOESM1){ref-type="media"}: Table S1. The endogenous GA~20~, and GA~1~ contents were calculated from the peak area ratios of 418/420 and 506/508, respectively (Additional file [2](#MOESM2){ref-type="media"}: Figure S1), wherein the data are provided in nanograms per gram dry weight and the data were collected from three replications.

To extract endogenous JA, we used 0.5 g freeze-dried plant samples. The JA was extracted according to the protocol of McCloud and Baldwin \[[@CR35]\]. A total of 0.5 g dried sample was extracted with a solution of acetone and 50 mM citric acid (70:30 *v*/v), and \[9, 10-^2^H~2~\] 9, 10-dihydro-JA (20 ng) was added as an internal standard. The aqueous solution was then filtered and extracted with 10 mL of diethyl ether three times and loaded into a solid phase extraction cartridge (Sep-Pak Cartridge, Waters, USA). The cartridges were washed with 7.0 mL of trichloromethane and 2-propanol (2:1 v/v). Both JAs (endogenous JA and the internal standard) were eluted with 10 mL of diethyl ether and acetic acid (98:2 v/v). The sample was adjusted to 50 μL with dichloromethane after evaporation of solvents and etherification of the residue with excess diazomethane. Then, the extracts were analyzed by GC-MS-SIM using the same equipment as in the GA analysis. We monitored ion fragments (*m/z* 83) corresponding to the base peaks of JA and \[9, 10-^2^H~2~\]-9, 10-dihydro-JA for JA determination (Additional file [3](#MOESM3){ref-type="media"}: Figure S2). On the basis of the peak area of both JAs (standard and endogenous JA), we calculated JA content with the following formula: JA = (endogenous JA) / (standard JA) × standard amount / sample weight. All data were represented by three replications.

Endogenous free SA was measured by high-performance liquid chromatography (HPLC), and the conditions are described in Additional file [1](#MOESM1){ref-type="media"}: Table S1. Free SA was extracted based on Enyedi et al. \[[@CR36]\] and Seskar et al. \[[@CR37]\]. A 0.2 g freeze-dried sample was sequentially extracted with 90% and 100% methanol in a centrifuge (10,000×*g*). Both extracts were dried in a vacuum. The dry pellets were resuspended in 2.5 mL of 5% trichloroacetic acid and the supernatant was partitioned with ethyl acetate/cyclopentane/isopropanol (49.5:49.5:1, *v*/v). The top layer was transferred to a 4 mL vial and dried with purified N gas. The SA was again suspended in 1 mL of 70% methanol and analyzed by HPLC.

Bio-image of calcium distribution {#Sec7}
---------------------------------

To analyze calcium distribution in rice leaves, we applied different concentrations of Si with 400 Bq of radioisotope ^45^Ca (^45^CaCl~2~, 37 MBq, NEN, USA). Thus, our experiment was composed of five different treatments, including i) DDW alone, ii) 0.5 mM Si + ^45^Ca, iii) 1.0 mM Si + ^45^Ca, iv) 2.0 mM Si + ^45^Ca, and v) 4.0 mM Si + ^45^Ca. Calcium (Ca) distribution was analyzed using a bio-imaging analyzer. We removed roots from Si and ^45^Ca-treated rice seedlings after 48 h, and then plant samples were dried at 85 °C for 12 h. Dried plant samples were sealed with high-density thin film (Singsing Wrap™, LG Co., South Korea) to prevent sample destruction or contamination. For 24 h, plant samples were placed on cassettes (BAS-MS 2040, Fuji, Japan) containing an imaging plate (IP) that was covered with polyester. After this, reactive IP was analyzed by an IP reader (BAS-MS 1500, Fuji, Japan) and the collected data were read by an image analysis program (TINA). Finally, data were illustrated with different colors according to the concentration of ^45^Ca \[[@CR38]\].

Determination of ^45^Ca and urea-^15^ N {#Sec8}
---------------------------------------

The dry weight of the plant samples was measured and samples were ground in a crucible for Ca isotope analysis. The crucibles were placed in an electronic furnace at 500 °C for 12 h. Plant ash samples were mixed with a cocktail solution (Ready Organic, Beckman, USA) for a liquid scintillation counter (LSC), and radiation activity was measured by the LSC (LC 1801, Beckman, USA). To analyze nitrogen uptake, we applied urea-^15^ N (2.0 mM, 4.0 mM, and 8.0 mM) and urea-^15^ N with 1.0 mM Na~2~SiO~3.~ Next, samples were harvested at 6 h and 12 h after exposure. Untreated rice plants (with only the application of distilled water) were used as control plants. Shoot samples were dried at 75 °C for analysis. Dried-shoot samples were ground into powder and passed through a 150 μm sieve to analyze isotope ratios in a mass spectrometer (Delta V Advantage, Thermo Fisher Scientific Inc., USA). The experiment was repeated three times.

Protein extraction, 2DE, and MALDI-TOF MS analysis {#Sec9}
--------------------------------------------------

Protein was extracted from the culture medium. We added a five-fold volume of acetone to the culture medium. For protein precipitation, the mixture of acetone and culture medium was refrigerated at −20 °C for 2 h. The precipitated proteins were collected by centrifuge and collected proteins were eluted by a solution containing 7 M urea, 2 M thiourea, 4% (*w*/*v*) 3-\[(3-cholamidopropyl) dimethyammonio\]-1-propanesulfonate (CHAPS), 1% (w/v) dithiothreitol (DTT), 2%(*v*/v) pharmalyte, and 1.0 mM benzamidine. Concentrations of protein were attained following the method of Bradford \[[@CR39]\].

The samples were diluted with re-swelling solution (7 M urea, 2 M thiourea, 2% 3-\[(3-cholamidopropy) dimethyammonio\]-1-propanesulfonate (CHAPS), 1% dithiothreitol (DTT), and 1% pharmalyte) at room temperature for 12--16 h. Isoelectric focusing (IEF) was conducted according to the manufacturer's manual (IPGphor II system, Amersham Biosciences, USA) and the conditions were 207 °C with a current limit of 50 mA/strip: 3 h at 300 V, 6 h at 1000 V, 3 h at 8000 V (gradient), and 24 h at 8000 V. To conduct the second dimension (SDS) analysis, the individual strips were equilibrated for 15 min in 10 mL equilibration solution (6 M urea, 30% glycerol, 2% SDS, 0.002% bromophenol blue, and 50 mM Tris pH 8.8) containing 1% *w*/*v* DTT and subsequently for 15 min in 10 mL equilibration buffer containing 4.5% w/v iodoacetamide.

Proteins were visualized by silver staining \[[@CR40]\]. The gels were fixed in fixing solution (40% ethanol and 10% acetic acid) overnight for silver staining. The gels were consecutively washed with 30% ethanol for 20 min, 20% ethanol for 20 min, and DDW for 20 min, and then were consecutively sensitized, developed, and neutralized. Detailed information is described in Carpentier et al. \[[@CR41]\]. Stained gels were scanned using the Duoscan T1200 (Agfa, USA) and images were analyzed by PDQuest software (version 7.0, BioRad) for quantification. Individual spot quantity was normalized by total valid spots, and spot detection was realized without spot editing. The spots were quantified using the % volume criterion, and significantly different spots (two-fold difference) were used for identification.

Each protein was analyzed by Ettan MALDI-TOF (Amersham Biosciences, UK) for identification. Protein fragments were evaporated at 337 nm using an N~2~ laser and were accelerated by a 20 kV injection pulse. The mass spectrum of each spot was measured by accumulated peaks, which were collected by 300 nm laser shots. The ion peak m/z (842.510, 2211.4016) was used as the standard peak for mass spectrum, and we used Profound (<http://prowl.rockefeller.edu>/), which was developed by The Rockefeller University, for protein identification.

RNA extraction and RT-PCR analysis {#Sec10}
----------------------------------

The total RNA was extracted from plant samples using an RNeasy Plant Extraction Mini Kit (Qiagen) following the manufacturer's instructions. For Reverse-Transcription (RT)-PCR, complementary DNA was synthesized using an RT Kit (Solsent, Korea). All the reactions were performed according to the manufacturer's instructions. RT-PCR was conducted for evaluation of mRNA expression of *G-6-P* and *IMP3* \[[@CR42]\]. *OsUBI* was used as a control. The primers for RT-PCR are mentioned in Additional file [4](#MOESM4){ref-type="media"}: Table S2.

Statistical analysis {#Sec11}
--------------------

To evaluate quantitative differences in radioisotope ^45^Ca content and plant hormones, all data were statistically analyzed for standard errors using Sigma Plot Software (2004). A two-way analysis of variance (ANOVA) was performed to determine significant differences among results (SAS release 9.1; SAS, Gary, NC, USA), and differences between mean values among treatments were compared using Duncan's multiple range test (DMRT) at *P* \< 0.05 and *P \<* 0.01. All the analyses were performed in triplicate.

Results {#Sec12}
=======

Influence of mineral uptake after Si treatment {#Sec13}
----------------------------------------------

To evaluate mineral uptake in rice plants, we measured several mineral ratios after Si application (0.5, 1.0, 2.0, and 4.0 mM) in hydroponically grown rice plants. The nitrogen (N) and potassium (K) ratio showed a decreasing pattern as compared to the control, however, it was not statistically different (*P* \< 0.05) (Table [1](#Tab1){ref-type="table"}). The phosphorus (P) ratio in Si-applied plants revealed a slight decrease in the pattern, except in the 1.0 mM Si treatment. Conversely, the magnesium (Mg) ratio was significantly increased in the 1.0, 2.0, and 4.0 mM Si treatments in comparison to the control, but no difference was observed in the 0.5 mM Si treatment as compared to the control (Table [1](#Tab1){ref-type="table"}). The calcium (Ca) ratio decreased approximately to 11.8% (0.5 mM and 4.0 mM) from 15.8% (1.0 mM) in all concentrations of Si treatments. The Si content was absolutely increased in a dose-dependent manner when Si was applied to plants. This supports the idea that changes in mineral contents were triggered by the Si applications (Table [1](#Tab1){ref-type="table"}).Table 1Effect of exogenously applied Si on mineral content in rice plants. Si was applied in hydroponic solution (Yoshida solution) for 24 h and then samples were collected for analysisTreatmentsT-N (%)P (%)K (%)Ca (%)Mg (%)Si (ppm)Control1.33±0.10a0.24±0.01a1.95±0.28a0.19±0.11a0.08±0.01b3007±12.3b0.5 mM Si1.34±0.12a0.22±0.09ab1.93±0.31a0.17±0.21ab0.09±0.01b3155±8.91ab1.0 mM Si1.28±0.27a0.25±0.1a1.92±0.13a0.16±0.15ab0.11±0.03ab3402±13.4a2.0 mM Si1.27±0.0.21a0.21±0.1b1.92±0.42a0.15±0.02b0.10±0.08ab3440±21.2a4.0 mM Si1.27±0.13a0.22±0.1ab1.90±0.23a0.17±0.06ab0.12±0.02a3431±11.49aValues with ± shows the standard error of the mean of three replications. Different letters in each column indicate statistically significant differences (*P* \<0.05) among treatments by Duncan\'s Multiple Range Test (DMRT)

Influence on endogenous hormone levels after Si treatment {#Sec14}
---------------------------------------------------------

Plant hormones are known to induce various physiological and biochemical responses at very low concentrations \[[@CR33]\]. For this reason, we analyzed endogenous GA and JA levels after Si application. Bioactive GA~1~ concentration was significantly increased with Si application (0.5, 1.0, 2.0, and 4.0 mM) for all exposure times (6 h, 12 h, and 24 h) as compared to that of the control (Fig. [1](#Fig1){ref-type="fig"}). In particular, comparison of GA~1~ levels among Si treatments revealed that it was significantly higher (*P* \< 0.01) in the 1.0 mM Si treatment as compared to that of the remaining Si treatments (Fig. [1](#Fig1){ref-type="fig"}). Concentrations of GA~20~ also exhibited higher levels with Si application as compared to the control at 12 h and 24 h exposure, whereas GA~20~ content was significantly decreased following Si application, except for the 0.5 mM Si treatment, in comparison with that of the control at 6 h exposure (Fig. [1](#Fig1){ref-type="fig"}). Endogenous hormone JA also exhibited a similar pattern as GA~1~. Endogenous JA levels were significantly increased at all concentrations of Si application as compared to that of the control, and this tendency was consistently observed in all periods (Fig. [2](#Fig2){ref-type="fig"}). Comparison of JA content among Si treatments revealed a maximum value with 1.0 mM Si treatment, whereas 0.5 mM Si induced the minimum value in all time periods. There were no differences in response between 2.0 mM Si and 4.0 mM Si treatments at 6 and 12 h exposure (Fig. [2](#Fig2){ref-type="fig"}). Similarly, increased hormone patterns following Si application were detected. The 1.0 mM Si treatment exhibited highly increased endogenous free SA content as compared to that of the control and other concentrations of Si treatments (Fig. [3](#Fig3){ref-type="fig"}). Comparison of free SA content among different Si treatments revealed that the maximum content was observed with 1.0 mM Si application, while 0.5 mM Si and 2.0 mM Si resulted in similar SA levels (Fig. [3](#Fig3){ref-type="fig"}). Low free SA levels were detected following the 4.0 mM Si treatment for all periods, although it remained at a higher level than that of the control (Fig. [3](#Fig3){ref-type="fig"}).Fig. 1Changes in the levels of gibberellin (GA~1~) and its precursors (GA~19~ and GA~20~) in rice plants in response to different concentrations of Si. The different letter(s) indicates significant differences at *P* \< 0.05 according to Duncan's multiple range test (DMRT). Each bar shows the standard error of the means of three replicationsFig. 2Regulation of endogenous jasmonic acid (JA) levels in rice plants after the exogenous application of different concentrations of Si. The different letter(s) indicate significant differences at *P* \< 0.05 according to Duncan's multiple range test (DMRT). Each bar shows the standard error of the means of three replicationsFig. 3Influence of different concentrations of Si application on endogenous salicylic acid (SA) levels in rice plants. In the figure, different letters indicated significant differences at *P* \< 0.05 according to Duncan's multiple range test (DMRT). Each bar shows the standard error of the means of three replications

Distribution and concentration of ca in rice leaves {#Sec15}
---------------------------------------------------

In our previous experiment, we found that Ca uptake in rice plants decreased with increasing concentrations of Si. To identify Ca movement and uptake, we directly applied radioisotope ^45^Ca during the application of varying Si concentrations (0.5, 1.0, 2.0, and 4.0 mM) to hydroponically grown rice plants. The radioisotope data are shown in Fig. [4](#Fig4){ref-type="fig"}. According to the image for ^45^Ca accumulation and localization, the third leaf showed high ^45^Ca accumulation as compared to the first and second leaf, and this pattern was consistent in the control and all Si treatments (Fig. [4a](#Fig4){ref-type="fig"}). In case of the third leaf, however, ^45^Ca accumulation was highly reduced in Si-treated plants as compared to the control. Additionally, ^45^Ca accumulation in the third leaf was gradually reduced with increasing Si concentration (Fig. [4a](#Fig4){ref-type="fig"}). The content of radioisotope ^45^Ca was significantly inhibited (approximately 1.8- to 2.0-fold reduction in comparison to the control) by all exogenous Si applications (Fig. [4b](#Fig4){ref-type="fig"}).Fig. 4Changes in calcium uptake under Si application in rice plants. In Figure (**a**), the color closest to red indicates higher uptake of ^45^Ca, whereas the color closest to blue indicates lower uptake of ^45^Ca. Figure (**b**) shows quantities of ^45^Ca at different leaf positions. Each bar shows the standard error of the means of three replications

Effects of Si on N uptake and distribution in rice leaves {#Sec16}
---------------------------------------------------------

We applied different concentrations of urea-^15^ N (2.0 mM, 4.0 mM, and 8.0 mM) and urea-^15^ N with 1.0 mM Si for 12 h and the samples were harvested twice (6 h and 12 h). The ^15^N ratios are shown in Fig. [5](#Fig5){ref-type="fig"}. In the 6 h treatment, the ^15^N ratio was increased in all treatments in comparison with the control. When we applied ^15^N (2.0, 4.0, and 8.0 mM) with 1.0 mM Si, the ^15^N ratio was reduced as compared to ^15^N treatment alone (Fig. [5a](#Fig5){ref-type="fig"}). In the case of the 12 h treatment, the same trend and effect were observed. The ^15^N ratio was increased in ^15^N--supplemented rice plants as compared to the control, whereas the ^15^N ratio was slightly decreased in the ^15^N with Si-treated rice plants in comparison to plants treated with ^15^N alone (Fig. [5b](#Fig5){ref-type="fig"}).Fig. 5Effects of Si application on nitrogen uptake in rice plants. Figure (**a**) shows the ^15^N ratio in rice plants at 6 h exposure and Figure (**b**) indicates the ^15^N ratio in rice plants at 12 h exposure. Each bar shows the standard error of the means of three replications

Influence of Si application with nitrogen and calcium fertilizer on mineral uptake {#Sec17}
----------------------------------------------------------------------------------

Our previous results showed that N and Ca uptake were significantly decreased by Si application. However, the previous study was conducted under restricted environmental conditions (only ^15^N and ^45^Ca supplied). Thus, we conducted an analysis of mineral uptake in rice plants after a combination of nitrogen (NH~4~NO~3~) and calcium fertilizer (CaCl~2~) treatments with Si (Additional file [5](#MOESM5){ref-type="media"}: Table S3). Total nitrogen (T-N) content was significantly increased in the NH~4~NO~3~ treatment in comparison to that of the control; however, it was suppressed by approximately 10.6% by the addition of 1.0 mM Si (Additional file [5](#MOESM5){ref-type="media"}: Table S3). Conversely, T-N content did not exhibit a statistically significant difference among independent and combination treatments of CaCl~2~ and Si (Additional file [5](#MOESM5){ref-type="media"}: Table S3). With NH~4~NO~3~ treatment, other mineral contents, such as those of P, K, Ca, and Mg, did not exhibit any difference as compared to the control, whereas Si concentration significantly increased in NH~4~NO~3~ with Si application, as expected (Additional file [5](#MOESM5){ref-type="media"}: Table S3). In the CaCl~2~ and Si combination treatment, Ca uptake was significantly inhibited by 1.0 mM Si supplement in comparison with that of CaCl~2~ alone (Additional file [5](#MOESM5){ref-type="media"}: Table S3). Except for Si concentrations, we did not observe statistically increased or decreased mineral uptake among any of the treatments (Additional file [5](#MOESM5){ref-type="media"}: Table S3).

Influence of Si on protein expression {#Sec18}
-------------------------------------

Si application to rice plants inhibited N and Ca uptake as well as increased endogenous hormones. Thus, we conducted 2-DE gel analysis to determine the difference in protein expression between non-Si treatment and 1.0 mM Si treatment. Different protein expressions are shown in Fig. [6](#Fig6){ref-type="fig"}. According to our results, seven kinds of 2-DE spots exhibited significant (*P* \< 0.01) differences between Si-treated and Si-untreated plants (Fig. [6](#Fig6){ref-type="fig"}). Among the seven protein spots, four were upregulated in Si-treated plants (Spot No: 1022, 2106, 2607, and 5011), and the other three were downregulated (Spot No: 2204, 2605, and 4011) (Table [2](#Tab2){ref-type="table"}). All spots' (1022, 2106, 2204, 2605, 2607, 4011, and 5011) information is very well described in Table [2](#Tab2){ref-type="table"}. Among these seven spots, spot 2607 was significantly upregulated by 1.0 mM Si treatment, and it was identified as importin alpha 1b protein. Conversely, spot 2605, glucose-6-phosphate isomerase, was significantly downregulated by 1.0 mM Si treatment and was significantly higher across treatments (Table [2](#Tab2){ref-type="table"}).Fig. 6Expressions of protein levels in rice plants after exposure to short-term Si application. In the figure, red circles reveal upregulated protein spots as compared to that of the control, and blue circles indicate downregulated protein spots relative to that of the controlTable 2Different protein expression between Si treated and Si untreated plant. Protein information was identified by mass and plant samples harvested at 12 h after Si applicationSpot NoProtein nameExp MW/PITheo MW/PISC (%)Expression PatternAccession No1022Rieske Fe-S precursor protein21.09/4.9324.21/9.222upgi\|50,508,5822106Putative thioredoxin-like protein CDSP3229.26/5.0132.48/6.334upgi\|34,901,6362204Putative Ser/The protein Phosphatase36.54/5.0035.26/5.119downgi\|34,911,3762605Putative glucose-6-phosphate isomerase64.17/5.0168.86/5.720downgi\|50,900,2762607Importin alpha 1b62.30/5.0359.09/5.226upgi\|6,682,9274011unnamed protein product21.08/5.5615.90/5.725downgi\|34,895,5945011Rieske Fe-S precursor protein20.89/6.2024.21/9.217upgi\|50,508,582Expression pattern indicated a comparison with control. Accession number (GI number), *MW* Molecular weight, *PI* Isoeletronic point, *SC* Sequence coverage, *Theo* Theoretical value

Influence of Si on expression of importin and the G-6-P gene {#Sec19}
------------------------------------------------------------

We found different protein expressions after Si application. Thus, we compared the mRNA expression of *IMP3* and *G-6-P* genes in the control and 1.0 mM Si-treated plants by RT-PCR analysis. The mRNA expression of *IMP3* was increased in Si-treated rice plants as compared to that of the control (Fig. [7](#Fig7){ref-type="fig"}). Conversely, mRNA expression of *G-6-P* exhibited a decreasing pattern in comparison with that of the control; in particular, mRNA expression level gradually decreased with increasing Si exposure period (Fig. [7](#Fig7){ref-type="fig"}).Fig. 7The mRNA expression of *G6P* and *IMP3* in rice plants after Si application. Plant samples were collected at 4 h, 12 h, 16 h and 20 h after Si treatment. In the figure, a vertical bar means standard ± standard deviation (*n* = 3)

Discussion {#Sec20}
==========

Exogenous Si application has been reported to confer ameliorative potential to the growth and physiology of a wide array of crop plants. Several studies have shown beneficial Si effects such as intervention in oxidative stress, phytohormonal changes, gene expression, and resistance against abiotic and biotic stresses \[[@CR10], [@CR11], [@CR25], [@CR30], [@CR31], [@CR43], [@CR44]\]. Recently, Deshmukh et al. \[[@CR45]\] reported the existence of a Si uptake gene in dicotyledonous plants. The gene was located in aquaporin, and thus it reached the plant cell by passing through aquaporin in water \[[@CR45]\]. Therefore, uptake of Si can induce various physiological responses. Our first experiments on Si focused on the effects of Si on plant growth and crop yield. According to Datnoff et al. \[[@CR46]\], Japanese farmers increased rice productivity (6 t/ha) by integrating nutrient management, including Si fertilization.

Essential elements, such as N, P, K, Mg, and Ca, are known to be key regulators of plant life. Nitrogen (N) is an essential macronutrient and is a component of amino acid, amides, proteins, nucleic acids, and nucleotides, as well as a constituent of nitric oxide (NO), which is a highly reactive free radical that is involved in the immune system in animal and plant cells \[[@CR47]--[@CR49]\]. Therefore, under serious N deficiencies, plants exhibit chlorosis (yellowing of the leaves) owing to their inability to produce amino acids and other metabolites that are essential for metabolic processes \[[@CR50]--[@CR52]\]. In addition, N is involved in physiological responses, such as the growth of stem internodes, leaf expansion, and acceleration of cell division \[[@CR23]\]. In particular, rice plants quickly respond to exogenous N sources in soil. Thus, rice plants can induce shoot growth. Si is absorbed by low-silicon genes (*OsLsi1, OsLsi2, HvLsi1,* and *HvLsi2*), which are located on both sides of the Casparian strip in rice and barley roots, and Si can be transferred to the shoots through the xylem \[[@CR2]\].

N concentration did not exhibit a statistical difference with Si application alone (0.5 mM, 1.0 mM, 2.0 mM, and 4.0 mM) as compared to that of the control; however, the ratio of urea-^15^ N showed an inhibition pattern when N was applied with 1.0 mM Si. Thus, our results showed that Si application could inhibit N uptake in rice plants. However, our findings were different from those of previous studies. Cho et al. \[[@CR53]\] analyzed nutrient recovery rates after they applied ^15^N and purified Si fertilizer to rice plants and found increased ^15^N uptake at higher concentrations of Si supplementation in rice plants. Jawahar and Vaiyapuri, \[[@CR54]\] also reported that N uptake was increased when they applied more Si fertilizer to rice plants. However, both experiments mentioned above were conducted under field conditions. In addition, data were collected over long periods after Si fertilizer application to the rice (panicle initiation stage and harvesting stage) \[[@CR53]\]. In contrast, we applied ^15^N with 1.0 mM Si simultaneously and then collected plant samples at 12 h and 24 h after treatment. This difference (different Si applications) resulted in different N uptake. Another possibility is that N uptake decreases with Si supplement at short exposure times (12 h and 24 h), but increases when rice plants are exposed to Si for long periods (30 days and 60 days). To acquire more evidence, additional experiments are needed in which purified Si is applied with and without ^15^N to rice plants and N uptake is traced for a long period.

According to our results, Ca uptake was significantly inhibited by Si application. This could be attributed to the fact that Si administered the stress cofactors, whereas Ca oscillation has mostly been credited to high-stress conditions \[[@CR55]\]. The same results were observed by Ma and Takahashi \[[@CR56]\]. They applied 100 ppm of SiO~2~ as silicic acid to hydroponically grown rice plants for 72 h and then harvested plant samples for nutrient analysis. They found that Ca uptake was significantly decreased (approximately 39%) by Si supplementation as compared to that of non-supplemented plants. However, different results were reported by other researchers \[[@CR55], [@CR57], [@CR58]\]. According to Kaya et al. \[[@CR57]\], Ca contents in leaves did not exhibit differences between control and Si-treated plants when Si was applied to maize grown under well-watered conditions, whereas increased Ca content was observed in Si-treated maize grown under water-limiting conditions as compared to non-Si-treated maize. In short, Ca uptake was increased with Si (K~2~SiO~3~) application to a relatively salt-tolerant cultivar under normal and salinity stress conditions \[[@CR55], [@CR58]\].

Plant hormones, such as GA and JA, are known to be signal molecules for various physiological responses at very low concentrations \[[@CR11], [@CR59]\]. GA is biosynthesized from trans-geranylgeranyl diphosphate in chloroplasts and then moved into the endoplasmic reticulum and cytosol. In particular, bioactive GA~1~ and GA~4~ are synthesized by two different pathways in the cytosol \[[@CR60]\]. According to our results, bioactive GA~1~ concentration was significantly increased in Si-treated rice plants at all periods; however, GA~20~ content was increased at 12 h and 24 h after Si treatment. In particular, GA~20~ concentration exhibited a decreased pattern relative to that of the control. Focusing on the change in bioactive GA~1~, we showed only GA~20~ and GA~1~ data; however, we also analyzed the precursors of GA~20~ (GA~19~, GA~53~, and GA~12~). GA~19~ content exhibited an increase (50 ng to 60 ng, data not shown) relative to that of the control. Therefore, the difference between bioactive GA~1~ and non-active GA~20~ in control plants was probably induced by the activities of different types of enzymes. Similar results were also reported when ABA-treated oriental melons and their controls were compared. It was found that GA~20~ concentration gradually decreased, but GA~19~ concentration had an opposite and increasing trend in accumulation during the application period \[[@CR61]\]. Normally, increased bioactive Gas (GA~1~ and GA~4~) contributes to stress mitigation (salinity stress: \[[@CR8]\]; waterlogging: \[[@CR62]\]), cell elongation during submergence \[[@CR63]\] and root elongation \[[@CR64]\]. Based on previous studies, therefore, we can hypothesize that Si application to rice can induce physiological or biochemical changes. Similar conclusions were also drawn by Kim et al. \[[@CR11]\], where Si application significantly influenced endogenous plant hormones under either normal or stress conditions induced by salinity, heavy metals, and drought.

Another plant hormone, JA, can also trigger diverse physiological responses, such as floral development \[[@CR65]\], senescence induction \[[@CR66]\], potato tuberization \[[@CR67]\], biotic stress amelioration \[[@CR68]\], and growth inhibition \[[@CR69]\]. In particular, JA plays an important role in plant defenses against insect herbivory and fungi \[[@CR11]\]. Thus, JA can induce various defense proteins when plants are exposed to insect herbivory \[[@CR29], [@CR70]\]. When different concentrations of Si were applied to rice plants, endogenous JA content was significantly increased in all Si-treated plants as compared to that of non-Si treated plants. The way in which rice plants take up Si from soil to shoot has already been identified \[[@CR7], [@CR13]\]. Absorbed Si in rice plants can be immediately deposited in the leaf blade (2.5 μm) of rice and observed in a Si-cuticle double layer \[[@CR71]\]. Therefore, we assumed that Si supplementation confers mechanical strength to rice plants and also induces a similar innate immunity against biotic stress factors, such as insects. Thus, endogenous JA contents were significantly increased in Si-applied rice plants. Similar results were reported by Kim et al. \[[@CR72], [@CR74]\]. They reported that JA levels were significantly increased in Si-applied rice plants under normal conditions (non-stress conditions); however, when they supplied mechanical wounding stress to rice plants, JA levels were strongly inhibited in Si-treated plants in comparison with that of the control. In addition, differences were observed at the genetic level that involved the JA biosynthesis pathway as compared to that of the control. In addition, JA enrichment was observed under stressful conditions \[[@CR8], [@CR11], [@CR73], [@CR74]\]; thus, our result assumed that exogenously applied Si could enhance resistance to biotic or abiotic stress via upregulated JA because high levels of JA could induce increased antioxidant (catalase: CAT) activity or decreased non-enzymatic antioxidant activity (malondialdehyde: MDA) \[[@CR4], [@CR25]\].

Si application can induce changes in phytohormones, such as GA~1~ and JA; thus, we evaluated Si effect on changes in proteins. Through our experiment, up- or down-regulated spots were identified. Among upregulated spots, spot 2607 was significantly upregulated by Si application and was identified as importin alpha 1b. Importin alpha protein binds to the nuclear localization signals (NLS) in the cytoplasm \[[@CR75]\]. According to Jiang et al. \[[@CR75]\], rice importin alpha 1 specifically binds to T-NLS and O2-NLS proteins, whereas Yamamoto and Deng \[[@CR76]\] show binding to typical classes of NLS in *Arabidopsis* \[[@CR77]\]. Thus, tissue-specific expression of importin could regulate protein importation into the nucleus and could participate in NLS-selective recognition \[[@CR75]\]. Si-applied rice plants exhibited downregulated proteins; in particular, glucose-6-phosphate isomerase (*G6P*) was significantly downregulated. *G6P* and D-fructose 6-phosphate (*F6P*) are catalyzed from phosphoglucose isomerase, which is the second step in glycolysis as well as gluconeogenesis and the glycosylation of protein \[[@CR78]\]. The effects on *G6P* and *F6P* showed that these are significantly downregulated by Si supplementation during glycolysis \[[@CR79]\]. This is in agreement with the previous findings. In order to understand the underlying mechanism of Si application, further in-depth molecular studies are necessary to understand the key interactions.

Conclusions {#Sec21}
===========

In summary, Si application to rice plants induced several physiological changes. First, Si-applied rice plants significantly inhibited Ca uptake. In particular, Ca uptake was significantly inhibited in relatively young leaves (third leaf) in comparison to older leaves (first leaf) and this phenomenon was confirmed by uptake of radioisotope ^45^Ca. Second, Si application could induce higher levels of bioactive GA~1~, JA, and SA. Thus, we assumed that endogenous hormone change would participate in various physiological responses, especially with increased hormones involved in the mitigation of abiotic stress. Third, Si treatment affected the expression of several proteins; in particular, importin alpha 1b protein was upregulated and *G6P* protein was downregulated by Si supplementation. Thus, we hypothesize that Si was able to regulate protein importation into the nucleus and also might be involved in regulation of *G6P* and *F6P* during glycolysis of rice plants. The current study will serve as the basis for further in-depth studies on the physio-chemo-proteomics of Si, while focusing on flooding and salinity stresses.
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